Abstract. Myosin V (myoV), a processive cargo transporter, has arguably been the most well-studied unconventional myosin of the past decade. Considerable structural information is available for the motor domain, the IQ motifs with bound calmodulin or light chains, and the cargo-binding globular tail, all of which have been crystallized. The repertoire of adapter proteins that link myoV to a particular cargo is becoming better understood, enabling cellular transport processes to be dissected. MyoV is processive, meaning that it takes many steps on actin filaments without dissociating. Its extended lever arm results in long 36-nm steps, making it ideal for single molecule studies of processive movement. In addition, electron microscopy revealed the structure of the inactive, folded conformation of myoV when it is not transporting cargo. This review provides a background on myoV, and highlights recent discoveries that show why myoV will continue to be an active focus of investigation.
terminus is a globular tail that binds adapter proteins that link myoV to cargo (Fig. 1B) . MyoV is a processive motor, using a hand-over-hand mechanism to move it forward in many 36-nm steps before dissociating from actin. In the two-head bound state, the trailing head is in a post-power stroke conformation, and the leading head is in a strained, pre-power stroke state (Fig. 1C) . Long run lengths are achieved by coordinating the stepping of the two heads via intramolecular strain, so that the leading head does not dissociate prematurely. When the trailing head is dissociated by ATP, the bound head completes its power stroke. The detached head is thrust forward, re-primes its lever arm into a prepower stroke state, and searches for the next actinbinding site. The motor/cargo complex thus moves forward on actin.
Motor domain
The overall structure of the myoV motor domain is similar to that of previously crystallized motors ( Fig. 2A) . Nonetheless, it revealed several novel features that show why tight binding to actin and tight binding to ATP are mutually exclusive. The first crystal structure of myoV was obtained in the absence of nucleotide [7, 8] . For the first time, the large internal cleft that separates the actin-binding interface was totally closed, due to Van der Waals and specific side-chain interactions between residues on either side of the cleft (the so-called upper and lower 50-kDa domains). This closure brought together elements of the actin binding interface on either side of the cleft that are consistent with the expected high affinity of the nucleotide-free state for actin. The major structural rearrangement needed to obtain cleft closure was a large distortion of an internal seven-stranded b Figure 1 . (A) Domain structure of myosin Va (myoVa). At the N terminus, the motor domain contains the actin-binding site and nucleotide-binding site, followed by an~24-nm-long lever arm that binds six calmodulins (CaM) or related light chains. The rod region of myoVa contains three stretches of a-helical coiled-coil, which are interrupted by two major regions of non-coiled-coil. At the C terminus, the globular tail binds adapter proteins that link it to cargo. (B) The melanosome receptor complex for myoVa. Binding of myoV to the Cterminal region of melanophilin requires both the globular tail and the alternatively spliced exon F in the rod. Exon F is present in melanocyte but not in brain myoVa. Melanophilin connects myoVa to melanosomes via its interaction with Rab27a in the GTP-bound state. Figure adapted from [38] . (C) A general model for processive movement. Starting in state 1, both heads are strongly bound to actin with ADP at the active site. The trailing head is in a post-power stroke conformation, and the leading head is in a strained, pre-power stroke state. The trailing head releases ADP at~12 s -1 (k 1 ), the rate limiting step of the ATPase cycle (state 2). ATP binds to the trailing head and dissociates it from actin, allowing the attached head to complete its power stroke. At the same time, the detached head is thrust forward, hydrolyzes ATP, and becomes the new leading head in a pre-power stroke conformation (state 3). The detached head undergoes a diffusive search for the next actin binding site, releases P i , and undergoes a transition to the strong binding state. State 1 shows that the leading head may pass through an isomerized ADP* state before returning to state 1 [70] . The darker gray actin monomers are located~36 nm apart to illustrate the size of each step. Figure adapted from [10] .
sheet, and a large rotation of the upper 50-kDa domain. The seven-stranded b sheet, along with associated loops and linkers, has been coined the "transducer" (Fig. 2A, right panel) . These domain movements restructured the nucleotide-binding elements (P-loop, switch 1, and switch 2) so that they can no longer strongly co-ordinate nucleotide. The complete cleft closure seen with nucleotide-free myoV even in the absence of actin might facilitate the transition to a strong binding state, which is an important feature for a processive motor. Conversely, crystals obtained with the ATP analog ADP.BeF x showed that the nucleotide-binding elements have been repositioned to co-ordinate ATP, and in doing so the cleft is reopened, while the lever arm remains in a downward, post-power stroke position. Electron cryomicroscopy of actin filaments decorated with myoV further provided models of the actinbound myoV motor domain. Crystal structures are docked into the three-dimensional reconstructions to generate atomic models of acto-myoV [9] . The relatively high affinity of the myoV motor domain for actin in the so-called "weak-binding" states (with ATP or ADP.P i at the active site) was exploited to obtain two new actin-bound states. In the presence of ATP, the long cleft dividing the actin-binding region of the motor domain opens and effectively destroys the strong-binding interface, while leaving the lever arm in a downward post-power stroke conformation. This and the crystal structures described above provide a structural mechanism to explain how ATP dissociates myosin from actin. The second new actin-bound state, obtained with nucleotide analogs (AMP-PNP or ADP.AlF 4 ), showed for the first time the lever arm in an upward, pre-power stroke conformation, that would be occupied prior to phosphate release [9] . The importance of loop 2 as a tether to help maintain contact with actin was also established. Loop 2 is a surface loop at the actin-binding interface that is involved in the initial weak electrostatic interaction of myosin with actin. It is disordered in the unbound crystal structures, but becomes ordered when myoV binds to actin [9] . Density for loop 2 on actin is reconfigured as the nucleotide state changes. Mutational studies showed that the net positive charge of loop 2 plays a role in determining processive run length. Decreasing the positive charge in loop 2 causes processive runs to terminate sooner than with wildtype myoV, while increasing the net positive charge of loop 2 enhances run lengths [10] . These observations suggest that a high affinity for actin while in the weakbinding state, mediated by loop 2, allows a detached head of a processively moving myoV to more readily find its next binding site and continue a processive run.
Lever arm
The lever arm of myoV contains six IQ motifs, each with consensus sequence IQxxxRGxxxR, where x denotes any amino acid. The number of amino acids between adjacent motifs alternates between 23 and 25, such that the lever arm can be described as three pairs of IQ motifs. Each motif binds CaM, or related light chains that have not retained functional calciumbinding sites. CaM has four high-affinity calciumbinding sites called EF-hands, each composed of two a-helices connected by a calcium-binding loop. Murine myosin Va isolated from tissue only binds CaM [11] , while that isolated from chicken brain contains both CaM and a specific light chain of the essential light chain family (called L17 or L23) [12] [13] [14] . Based on analysis of proteolytic fragments of myoVa purified from chick brain, it was concluded that the specific light chain does not bind to IQ motif one or two [14] . In contrast, when expressed in vitro, the first IQ motif can bind either CaM or a specific light chain, showing that the specificity of an IQ motif for a particular subunit is not all-or-none. This result raises the question of whether the subunit that occupies a given IQ motif can vary in vivo, depending on expression levels of the relevant light chains. Why does it matter whether CaM or a light chain binds to a particular motif ? First, calcium can only effect regions of the lever arm to which CaM is bound. Second, kinetic analysis showed that the presence of the light chain adjacent to the motor domain alters rate constants such that the M.ADP.P i state is favored, compared to when CaM is bound in this position [15] . A single-molecule study, in which one head of myoV was labeled with a gold nanoparticle, showed that rebinding of the free head during a processive run was threefold slower when CaM was exclusively bound to the lever arm, compared to when a light chain was also bound [16] . This might give the free head more time to find its next actin binding site and continue a processive run, which could be advantageous in vivo, given the complex nature of the intracellular milieu. The crystal structures of several IQ motifs of Myo2p (a class V myosin from the budding yeast Saccharomyces cerevisiae), in complex with the light chain Mlc1p, have been determined. Unlike CaM, Mlc1p does not bind calcium. The structure of Mlc1p bound to single IQ motifs (two and four) [17] , and to the two-three pair [18] , allowed a model for the entire lever arm to be proposed. One conclusion was that there is little interaction between pairs of IQ motifs, implying that the regions between the second and third, or fourth and fifth IQ motifs, might provide a hinge region to allow the lever arm to bend into the telemark conformation observed in electron microscopic im-ages [19] . Subsequent molecular dynamics simulations of the IQ motifs suggested that the sequence of the fourth IQ motif may harbor a flexible joint that enables the elasticity of the myoV lever arm [20] . A second conclusion of the crystallographic studies was that the N-lobe of Mlc1p does not interact with IQ motifs 4 and 6, leaving it free to potentially interact with another binding partner. NMR studies further showed that MLC1p also binds to the first IQ motif of Myo2p only via its C-lobe, leaving the N-lobe free to bind another target [21] . In contrast, CaM binds to IQ1 with both lobes based on fluorescence resonance Cell. Mol. Life Sci.
Vol. 65, 2008 Review Article energy transfer studies [18] . The different behavior of CaM and Mlc1p with respect to the first IQ motif of Myo2p appears to be related both to unique structural features of the N-lobe of Mlc1p, particularly the fifth D helix that stabilizes a closed lobe structure, and to the exact sequence of the IQ motif [21] . These different modes of binding may explain why Mlc1p has an essential function for vesicle targeting that is not shared by CaM. In vertebrate myoV, it was also suggested that the lever arm might be involved in binding other proteins. MyoV on synaptic vesicles interacts with syntaxin-1A, a t-SNARE involved in exocytosis [22] . In the vertebrate case, syntaxin binds to an IQ motif from which CaM had dissociated, and not to a free lobe of a light chain as proposed for yeast myoV. Unconventional myosins are unusual in that CaM binds the most strongly to the IQ motifs in the absence of calcium. How is this accomplished, given that CaM typically binds to its target peptides only in the presence of calcium? Calcium causes the two lobes of CaM to adopt an open, gripping conformation that binds targets that contain a basic amphiphilic helix. The two lobes of apo-CaM, in contrast, adopt a closed, non-gripping conformation [23, 24] . The crystal structure of CaM bound to the first two IQ motifs of mouse myoV resolved this paradox. The structure showed that the C-terminal lobe of apo-CaM adopts a semiopen conformation that grips the first part of the IQ consensus sequence (IQxxxR), while the closed Nterminal lobe interacts more weakly with the second half of the consensus sequence (GxxxR) [25] ( Fig. 2B) . A surprising finding was that the nonconsensus residues of the motif play a key role in the exact positioning of the two lobes of CaM, resulting in the consensus residues of each motif interacting differently with CaM along the length of the lever arm. Calcium has two effects on CaM bound to an IQ motif in the lever arm. Low micromolar calcium concentrations unfold and activate the inhibited state of myoV (discussed in a subsequent section). Higher calcium concentrations act as a "brake". In vitro motility ceases [26] , and processive runs of single myoV molecules are terminated [27] . The basis for the inhibition is dissociation of a bound CaM, rendering the lever arm compliant and unable to communicate strain-dependent information between the heads. Several lines of evidence suggest that CaM dissociates from IQ motif 2 at high calcium concentration [14, 28] . Electron cryomicroscopy also showed that calcium causes a major rearrangement of the bound CaM [28] . The extent to which calcium affects function in vivo is not known. Another role of the long lever arm is to allow myoV to take 36-nm steps along actin, which is equal to the pseudo repeat of the actin helix. It is well-established that the step size of monomeric myoV constructs containing one to six IQ motifs increases with lever arm length [29] [30] [31] . In double-headed constructs, it was also shown that the step size of myoV is determined by neck length and not by the pseudorepeat of the actin filament [31] . The 25-nm working stroke of a monomer containing the complete lever arm with six IQ motifs is, however, smaller than the 36-nm step taken by a six-IQ double-headed motor walking processively. This implies that the 36-nm step of the native molecule is a combination of the working stroke (25 nm) of the bound head and a biased, thermally driven diffusive movement (11 nm) of the free head onto the next actin-binding site [32] . Further evidence in favor of myoV actively moving cargo via a lever arm mechanism was obtained in a study in living yeast. Mutants of Myo2p (a yeast class V myosin) with varying lever arm lengths caused secretory vesicles to move toward their site of exocytosis with speeds that correlated with the lever arm length [33] . This active movement of cargo by myoV in budding yeast is in contrast to passive capture and tethering mechanisms suggested for myoV in melanocytes, where microtubule-based motors are the primary long-distance active motors [34, 35] .
Rod region
The rod region lies between the IQ motifs and the globular tail, and contains varying amounts of sequence with a propensity to form a-helical coiled-coil. In myoVa, there are three major regions of coiled-coil, with two interruptions (Fig. 1A) . The propensity to form a-helical coiled-coil is based on the strength of the heptad repeat, a seven amino acid motif in which the first and fourth positions, which form the internal seam of the coiled-coil, are hydrophobic amino acids. The rod of myoVa has a total of~60 heptad repeats of coiled-coil, and the first~20 heptad repeats before the PEST site are sufficient to ensure dimerization. Dimeric constructs truncated just before the PEST site are referred to as myoV-HMM (heavy meromyosin, by analogy with proteolytic subfragments of conventional class II myosin). The first interruption in the coiled-coil is a PEST site, which contains amino acids Pro(P), Glu(E), Ser(S), and Thr(T). This region can be cleaved in vitro by the protease calpain [36] , although its role in vivo is not known. PEST sites are generally thought to decrease the half-lives of proteins that contain them. The advantage of rapid turnover for myoV is unclear, unless the process can be regulated. MyoVc lacks this PEST site [2] . Two other major regions of coiled-coil follow the PEST site in myoVa (one with~12 heptads, the other with~20 heptads), interrupted by a break of 80 amino acids. The region of the tail after the PEST site contains exons A-F, three of which (B, D, and F) are alternatively spliced in different tissues, giving rise to multiple isoforms. Some, but not all, of these exons contain heptad repeats. An isoform prevalent in brain contains exons A, B, C, and E, while that in melanocytes contains A, C, D, E, and F [37] . Exon F is essential for interaction with melanosomes [38] . This was the first example showing that alternative exon usage in the rod can help specify particular cargoes, in addition to binding sites for cargo in the globular tail. The brain-specific exon B contains only three amino acids (DDK), but is essential for binding an~10-kDa light chain in the dynein family called DYNLL2 [39, 40] , which copurifies with myoVa isolated from chick brain [13] . Spectroscopic studies showed that binding of DYNLL2 increases the a-helical coiled-coil content in the region around its binding site. In addition, it has been proposed that DYNLL2 acts as an adapter between myoVa and various cargoes such as the proapoptotic protein Bmf [41] and the postsynaptic scaffolding protein GKAP (guanylate kinase domain-associated protein) [42] .
Globular tail domain
The C-terminal~400 amino acids of myoV comprise a globular tail domain that has two known roles: cargo binding via cargo-specific receptors, and stabilization of the folded, inhibited conformation of myoV via an interaction with the motor domain. The globular tail of Myo2p (a yeast class V myosin) consists of two functional domains that specify vacuole-specific or secretory vesicle-specific cargo [43] . Mutational studies identified amino acids that affected only one or the other of these processes [44] .
These observations were given a structural basis once the globular tail domain was crystallized (Fig. 2C ) [45] . The tail consists of two five-helical bundles connected by a common long helix. Point mutations that disrupt Vac17p binding cluster along a solventexposed face of helix 6. The binding site for secretory vesicles, the essential cargo of Myo2p, was mapped to a distinct location in subdomain 2, which did not overlap with the vacuole-binding region. The two sites are at opposite ends of the globular tail and offset by approximately 1808. Both of these regions are highly conserved, implying that they may also bind organelle-specific receptors in myoV from higher organisms. Additional conserved patches of residues are distributed on the surface and may define other receptor-binding sites.
Adapter proteins that connect myosin V to cargo
Melanosomes are the most well-studied cargo of mammalian myoVa. Mutations in mice with lightened coat color identified three proteins as essential for successful movement of melanosomes. The dilute phenotype arises from mutations in the globular tail or motor domain of myoV [46] , the leaden phenotype from mutations in melanophilin (also called Slac2-a) [47] , and the ashen phenotype arises from defects in Rab27a, a small GTPase of the Ras superfamily [48] . These three proteins constitute an organelle-specific transport complex (Fig. 1B) . Rab27a localizes to the melanosome membrane, and in its GTP-bound form, recruits melanophilin to it, which binds to the myoVa tail in an exon F-dependent fashion [38, 49, 50] . The requirement for the GTP-bound form of the Rab provides a regulatory checkpoint for formation/dissolution of the cargo complex. Melanophilin has an N-terminal Rab27a effector domain, and a C-terminal myoV binding region (globular tail and exon F). The involvement of alternatively spliced exons in cargo binding allows a mechanism to select more alternative cargoes than would be possible if the globular tail alone were involved. The globular tail of myoVa binds to an intrinsically unstructured domain of melanophilin [51] . Why such a region would be utilized for binding is not clear, but one possibility is that it provides a site for rapid degradation following cargo delivery, in addition to the PEST site that melanophilin contains. MyoVa, melanophilin, and a dominant active GFP-tagged Rab27a have been reconstituted in vitro and shown to form a transport complex that moves processively on actin [52] . The generality of a cargo complex was shown with myoVb, where an Rab-binding protein called FIP2 acts as an adapter between myosin and Rab11a, a GTPase that binds to recycling endosomes, the cargo of myoVb [53, 54] . Rab8a has been recently implicated in non-clathrin-dependent endocytosis and recycling by myoVb [55] . Review Article
Cargo selection and delivery
Mammalian and yeast myoVs have multiple cargoes. The presence of multiple receptor-binding sites on the globular tail raises the question of how a particular cargo is selected. One possibility is that a particular organelle-specific receptor is expressed only when needed in the cell-cycle to prevent competition between cargoes. In budding yeast, the protein level of Vac17p changes with the cell cycle, and is likely to be the trigger that controls the start of vacuole movement [57] . Alternatively, the globular tail might undergo a conformational change to expose only one site at a time. Such a mechanism was proposed for the globular tail of a plant myosin XI, where it was suggested that the two domains of the globular tail alternate between different conformations in solution, and that organelle binding selects and stabilizes a particular conformation [58] . Binding of one cargo may then sterically preclude binding of another. Phosphorylation by calcium/calmodulin-dependent protein kinase II has also been shown to regulate cargo attachment in Xenopus oocytes in a cell-cycle dependent fashion, with phosphorylation resulting in detachment of cargo from the motor [59] . The generality of phosphorylation as a regulatory mechanism has not been established. How does cargo know where to be delivered? One strategy is via regulated degradation of the transport complex once it arrives at the proper location. For the vacuole complex consisting of Myo2p/Vac17p/Vac8p in budding yeast, once the vacuole is properly deposited near the center of the bud, Vac17p is degraded via a PEST-dependent sequence [57] . Deletion of the PEST sequence within Vac17p causes a backward movement of the vacuoles, causing them to mislocalize to the neck between the mother cell and the bud. Melanophilin also contains a PEST site, a sequence that can specify rapid protein turnover [60] . A mutant melanophilin lacking the PEST site did not properly localize melanosomes in melanocytes, suggesting that degradation may be a necessary element for localization. Regulated disruption of the transport complex may be a general mechanism to deposit organelles at their proper destination. The final destination may also be specified by binding to an anchor protein that is located there.
Processivity: The active motor
MyoV was the first myosin identified as processive, meaning that it takes multiple steps on its track without dissociating [61] . Although many detailed models have been proposed to explain the processive movement of myoV (reviewed in [62] ), a minimal model that describes the essential features is shown in Fig. 1C . Arbitrarily starting with both heads in an ADP-bound state, the trailing head releases ADP at approximately 12 s -1 , the rate limiting step in the cycle [63] . ATP binds and dissociates the trailing head, allowing the constrained leading head to complete its power stroke and release stored elastic energy. The detached head hydrolyzes ATP, reprimes its lever arm to a pre-power stroke position, and binds to the next actin binding site as the new leading head. Phosphate release is fast [63] , and the molecule is back to the starting position with ADP bound to each head. Branched or alternate kinetic pathways during processive movement have also been suggested, which differ in the order that the leading and trailing heads adopt different nucleotide states [64, 65] . Several features optimize myoV for processivity. One head must remain bound to the actin filament at all times. The motor domain must therefore have a high duty cycle, meaning that it spends most of its time attached to actin in a strong binding state. This occurs because the rate-limiting step in the ATPase cycle is release of MgADP from an actin-bound head, at a rate of~12 s -1 [63] . A second feature is a high affinity for actin in the weak-binding states (ATP or ADP.P i at the active site) [66, 67] , which likely enhances the ability of the new leading head to find its next binding site, as suggested by mutational studies [10, 68] . Third, straindependent changes in the kinetics of the two heads are accomplished through the long lever arms that join the two motor domains. This feature co-ordinates the two heads so that their kinetic cycles are out of phase. Intramolecular strain can accelerate the rate of ADP release from the rear head, inhibit the rate of ADP release from the lead head, or a combination of the two. The key feature is to prevent the leading head from dissociating prematurely. The rate of ADP release from the leading head appears to be the most affected, although this is still debated [69] [70] [71] [72] . It is clear that strain-dependent kinetics are necessary to enhance processive run length [32] . Single-molecule approaches established that the mechanism of forward motion is hand-over-hand, meaning that the trailing and leading heads exchange position with every step [73, 74] , Less is known about the intermediate that occurs as the rear head releases from actin in order to become the new trailing head. Gold nanoparticles attached to the lever arm allowed the motion of the free head to be tracked with submillisecond resolution [16] . The results showed that the unbound head can rotate freely about the lever-arm junction, in its search for the next actinbinding site. In an alternative approach, the motions of a stiff rod (a fluorescent microtubule) attached to the lever arm were monitored to show that the free head undergoes Brownian motion in all directions before becoming the new leading head [75] . Ninetydegree rotations related to the detachment and rebinding of the heads to actin are also thought to occur by thermal twisting of the neck during a 36-nm step [76] . These features are likely to facilitate the movement of myoV through the crowded actin meshwork in the cell cortex by maximizing the possibility that the new leading head finds its next actin-binding site.
To what extent can individual steps of myoV be resolved in vivo? By tracking the cargo melanosome in Xenopus melanocytes with 2-nm accuracy, steps with a distribution around 35-nm were observed, the same as that observed in vitro [77] . The velocity was slower than expected based on in vitro studies, but subsequent experiments suggested that intermediate filaments may be responsible for hindering myoV transport by increasing viscous drag [78] . This latter study also showed some limited data on track switching in vivo, which opens the door for further studies on this important process.
Folded myosin V: The inhibited state
A critical feature of any motor is how its activity is turned off when it is not actively moving cargo. Hydrodynamic data provided the first evidence that myoV undergoes a change in conformation as it goes from an active to an inhibited state [26, 79, 80] . The active, extended state sedimented at~11S, while the inhibited, folded conformation sedimented at~14S. Intramolecular folding appears to be a common mechanism to inhibit the activity of motor proteins, as a similar conformational transition was shown previously with smooth muscle myosin [81, 82] and kinesin [83] . The three-dimensional structure of the folded monomer was determined by two complementary electron microscopic approaches. Two-dimensional arrays of myoV on lipid monolayers showed a repeating motif that resembled a six-petaled flower, each consisting of a folded monomeric myoV [84] (Fig. 3 ). An atomic model of the structure, built with available crystal structures, showed that myoV bends at the junction between the lever arm and the rod, so that the motor domain interacts with the globular tail, similar to a person touching his toes. The globular tail interacts with the motor domain near loop 1 at the entrance to the active site, which is far from the actin-binding site, suggesting that product release may be directly inhibited. A dominant feature of the structure was the extended lever arms, each with six bound CaMs.
Both lever arms are in a post-power stroke orientation, suggesting that the folded molecule has the potential to bind strongly to actin. The coiled-coil region is skewed more toward one lever arm than the other. Approximately 21 nm of the coiled-coil, similar to the length of the rod before the PEST site, were visualized. The "missing" coiled-coil is likely disordered structure that constitutes the pistil of the flower motif. Consistent with this idea, a mutational study concluded that the globular tail binds to the Cterminal end of the coiled-coil just before the PEST site to stabilize the motor domain-globular tail interaction, creating the triangular appearance typical of the folded monomer [85] . To accomplish this, the remaining rod region between the PEST site and the globular tail would have to fold at the break between the remaining two regions of coiled-coil, which could account for the density in the center of the flower motif.
Single particle analysis of negatively stained folded myoV molecules revealed a structure similar to that described above [86] . Approximately one-third of the total predicted coiled-coil region was clearly seen, the heads were in a post-power stroke conformation, and the site of interaction of the globular tail and the motor domain was far from the actin-binding site. A cluster of conserved acidic residues in the head, near Figure 3 . Three-dimensional structure of myoV in the folded, inactive conformation. The inset shows the overall flower-motif formed by two-dimensional arrays of myoV [84] . Each petal of the motif (dashed box) indicates one folded monomer. The larger view has crystal structures modeled in. The key feature is that the molecule bends at the junction between the lever arm and the rod, thus enabling the motor domains (magenta and red) to interact with the globular tail (yellow and orange). The site of interaction is near loop 1 at the entrance to the nucleotide-binding site (colored blue and green on the motor domain), providing a mechanism whereby activity is inhibited. The IQ motifs are colored the same as their respective motor domain, and CaM is in green. The observed length of the rod (cyan) is approximately equal to that between the lever arm and the PEST site. Figure adapted from [93] .
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Only the ATPase of the full-length myoV construct is regulated, as shorter constructs do not contain all the structural elements necessary to form a folded conformation. Addition of the globular tail domain to truncated HMM constructs restores the inhibition of ATPase activity, and reconstitutes a triangular structure that resembles the folded full-length construct [85, 86] . Steady-state actin-activated ATPase assays show at most a tenfold difference in activity between the "on" and the "off" states of full-length myoV, which is not very tight regulation [26] . Based on studies of regulation of other myosin motors, it was realized that the inhibited rate can be strongly influenced by a few unregulated "rogue" molecules with high ATPase activity. ), a degree of regulation that should be effective in vivo [27] .
Transition from the inhibited to active state Near physiological salt concentration, calcium binding unfolds the molecule to the extended state, accompanied by an increase in actin-activated ATP-A C H T U N G T R E N N U N G ase activity. The folded conformation shows no stabilizing interaction directly involving the lever arm, so how does calcium binding activate the molecule? Electron cryomicroscopy showed that calcium caused a major rearrangement of the bound CaMs in the lever arm [28] , which could be sufficient to disrupt the motor domain-globular tail interaction and unfold the molecule. An alternative pathway of activation is via cargo binding, given that cargo binding to the globular tail will presumably compete with its interaction with the motor domain. Although it makes biological sense that the motor should be activated only when needed for transport, it has not been directly demonstrated. Binding of melanophilin, the adapter protein for melanosomes, increased the actin-activated ATPase of myoV to approximately one-third the extent that calcium did. This activation was observed only at a salt concentration (0.2 M KCl) where the folded monomer was poised to unfold [87] , implying that an additional factor is likely to be needed for full activation via this pathway.
Strategies for success in the cell
Cytoskeletal transport in mammalian cells involves interactions between processive molecular motors on both microtubule and actin tracks. In Xenopus melanocytes, pigment granules move toward the center of the cell in a process called aggregation, while they distribute more uniformly throughout the cell during dispersion, to cause skin color changes. This process requires switching between cytoskeletal tracks in both directions [88] . Microtubules are used for long-range, fairly linear transport from the nucleus to the cell periphery and back, while actin based transport is shorter and confined more to the cell periphery. The analogy that has been made is that microtubules are the highways in the cell, while actin tracks are the secondary roads. Motors will need to navigate both microtubule-actin and actin-actin based intersections along the way. At the single molecule level, myoV effectively navigates actin-actin intersections either by executing a turn onto a crossing actin filament (~half of the time), by stepping over the crossing actin filament (~one-third of the time), or by terminating [89] . The frequency of turning versus stepping over can be accounted for simply by the number of actin-binding sites potentially available for the leading head to bind to in either situation. As described earlier, the unbound head searching for a new binding site undergoes a broad diffusional search in its quest to become the new leading head [16] , and this is what occurs at an intersection. In vivo, however, cargo will likely contain multiple motors. In Xenopus, more than 60 myoV motors are estimated to be present on one melanosome, although only a few of these are expected to be engaged at one time [88] . The frequency of turning with multiple motors should differ from the single motor case, and will likely depend on the relative number of motors that are engaged with the original track versus the number that are sampling an intersecting track [90, 91] . How does cargo containing both kinesin and myoV execute a microtubule to actin transfer? One possibility is that the microtubule plus-end tracking protein EB1 is involved in the process [92] . The C-terminal region of melanophilin, the adapter protein that binds myoVa, contains a binding site for EB1. In principle this binding could allow melanophilin to "hitchhike" on EB1 to the end of the microtubule, at which point the tripartite protein transport complex consisting of myoVa, melanophilin and the melanosome-bound Rab27a could be assembled for short-range transport on actin filaments. Another possible mechanism to facilitate cargo transfer between microtubules and actin is based on the observation that myoV can undergo a one-dimensional diffusional search on microtubules in vitro. In this non-energy-consuming process, myoV can scan long distances of the microtubule (>1.5 mm) for extended periods of time (>45 s), due to an electrostatic interaction between loop 2 in the myoV head, and a negatively charged region of tubulin called the E-hook [89] . In principle, this diffusive process could help myoV find cargo that is undergoing microtubule-based movement, and thus facilitate smooth transfer once a microtubule-actin intersection is encountered. The challenge that remains is to show whether either of these processes are operative in the cell, and to identify additional mechanisms that could facilitate cargo transport involving multiple tracks.
Remaining questions
Despite all that is known about myoV, many questions still remain. The full range of adapter proteins that link motor to cargo is still being discovered. How the functional transport complex is formed and then dissociated at the correct time and place is not fully understood, but progress has been made using the budding yeast system, where the key players can be readily manipulated genetically. It is still not clear if cargo-binding alone is sufficient to activate myoV from the folded conformation, and to what extent calcium regulates myoV function in vivo. The extent to which CaM versus a specific light chain, or the precise sequence of the IQ motifs itself, influences the ability of the lever arm to communicate strain to the motor domains is not known. Functional interactions between myoV and other motors in the cell, via their simultaneous presence on the same cargo, is an area of current investigation. Clearly the future still holds many challenges to fully understand the complex process of myoV-based cargo transport.
